Transport of iodide into thyrocytes, a fundamental step in thyroid hormone biosynthesis, depends on the presence of the sodium-iodide symporter (NIS). The importance of the NIS for diagnosis and treatment of diseases has raised several questions about its physiological control. The goal of this study was to evaluate the influence of thyroid iodine content on NIS regulation by thyrotrophin (TSH) in vivo. We showed that 15-min thyroid radioiodine uptake can be a reliable measurement of NIS activity in vivo. The effect of TSH on the NIS was evaluated in rats treated with 1-methyl-2-mercaptoimidazole (MMI; hypothyroid with high serum TSH concentrations) for 21 days, and after 1 (R1d), 2 (R2d), or 5 (R5d) days of withdrawal of MMI. NIS activity was significantly greater in both MMI and R1d rats. In R2d and R5d groups, thyroid iodide uptake returned to normal values, despite continuing high serum TSH, possibly as a result of the re-establishment of iodine organification after withdrawal of MMI. Excess iodine (0·05% NaI for 6 days) promoted a significant reduction in thyroid radioiodide uptake, an effect that was blocked by concomitant administration of MMI, confirming previous findings that iodine organification is essential for the iodide transport blockade seen during iodine overload. Therefore, our data show that modulation of the thyroid NIS by TSH depends primarily on thyroid iodine content and, further, that the regulation of NIS activity is rapid.
Introduction
Thyroid hormones are implicated in the regulation of metabolism, growth and maturation of a variety of organ systems, and iodine is an essential component of their molecules (Taurog 2000) . The transport of iodide into thyrocytes is fundamental for thyroid hormone biosynthesis and is catalysed by the sodium-iodide (Na + /I ) symporter (NIS), an intrinsic basolateral membrane protein of these cells. NIS cDNA has been cloned, and further biochemical studies demonstrated that the protein transports one molecule of iodide together with two molecules of sodium into the intracellular compartment. Thus iodide transport is secondary to the sodium gradient formed by the Na + /K + -ATPase also present in the basolateral membrane of thyrocytes (Dai et al. 1996 , Smanik et al. 1996 , Eskandari et al. 1997 , Dohan et al. 2001 , Van Sande et al. 2003 .
In addition to its key role in thyroid physiology, NIS-mediated accumulation of iodide within the thyroid gland is important in diagnostic procedures and for treatment of benign and malignant thyroid diseases (Heufelder et al. 2001 , Chung 2002 . Hence, NIS gene transfer is being used to express functionally active NIS in other cell types, a strategy that could extend the application of radioiodine to non-thyroid cancers (Spitzweg & Morris 2001) . The importance of NIS expression for the diagnosis and treatment of diseases has raised a series of questions about the mechanisms underlying the control of NIS expression, and the regulation of its activity in the plasma membrane.
The ability of the thyroid gland to concentrate iodine has been known for several decades and many reports have demonstrated that thyrotrophin (TSH), together with thyroid gland iodine content, regulates the transport of iodide into the thyroid. Fish et al. (1952) showed that the degree of thyroid uptake of iodine-131 is inversely related to the amount of iodine available in the gland. Later, it was shown that the rate-limiting step of thyroid accumulation of iodine by thyrocytes was iodide trapping, rather than its organic binding (Berson & Yalow 1955) .
TSH stimulates expression of the NIS gene and increases iodide uptake by thyrocytes (Kaminsky et al. 1994 , Riedel et al. 2001 . Recently, the findings of several studies have indicated that NIS protein can be found in two distinct subcellular compartments: the plasma membrane and intracellular vesicles. The latter are considered to be a pool of NIS protein that could be rapidly mobilized to the cellular membrane by TSH and other as yet undefined mechanisms (Kaminsky et al. 1994 , Dohan et al. 2001 , Riedel et al. 2001 , Tonacchera et al. 2002 . The majority of studies on the regulation of thyroid iodide uptake by TSH were carried out in FRTL-5 cells, which are unable to organify iodine efficiently. In vivo analyses could give a better understanding of the physiological modulation of NIS activity.
Exposure of thyroid cells to high concentrations of iodine in vitro and in vivo reduces iodide transport and its organification into proteins -the Wolff-Chaikoff effect (Wolff & Chaikoff 1948 , Price & Sherwin 1986 ; this regulation of iodide transport is probably mediated by organic iodinated compounds, such as iodoaldehydes (Van Sande et al. 1985 , Panneels et al. 1994 . It is unlikely that mono-iodothyrosine, di-iodothyrosine, or iodothyronine act as inhibitors of iodide transport, because the quantity of newly formed iodinated amino acids does not correlate with the decreased thyroid:serum iodide concentration ratio (Socolow et al. 1968) .
The autoregulation of thyroid function by iodine is transient, and thyroid cells escape from the effects of iodine overload after some days (Braverman & Ingbar 1963) . The adaptation to the inhibitory effects of large doses of iodine is probably an intrinsic thyroid mechanism: a decrease in thyroid iodide transport and therefore a decline in the intrathyroid iodine pool. Thus the decreased amount of thyroid iodine becomes insufficient to sustain the Wolff-Chaikoff effect (Braverman & Ingbar 1963) . A reduction in NIS mRNA has recently been shown to occur after iodine overload (Uyttersprot et al. 1997 , Morand et al. 2003 ), and Eng et al. (1999 proposed that the significantly decreased levels of NIS mRNA and protein that occur 1 and 6 days after the administration of excess iodine to rats could be implicated in the mechanism of escape from the Wolff-Chaikoff effect. However, no further analysis of NIS functional activity has been made using this model.
The goal of the present study was to evaluate the modulation of thyroid iodide uptake by TSH under the influence of exposure to normal or increased iodine. We show here that, even in the presence of increased serum concentrations of TSH, NIS activity is significantly decreased by resumption of thyroid iodine organification in animals fed a normal iodine diet. Our findings demonstrate that thyroid iodine content, even under physiological conditions, seems to influence the TSH response negatively in terms of the ability of the thyroid to take up iodide.
Materials and Methods
Materials -Thyroxine (T 4 ) and 1-methyl-2-mercaptoimidazole (MMI) were from Sigma. Sodium iodide, Tris(hydroxymethyl)aminomethan, glucose and potassium iodide were from Merck (Rio de Janeiro, RJ, Brazil). Glucose oxidase (grade I) was purchased from Boehringer and iodine-125-labelled NaI was purchased from Amersham.
Animals
Male adult Wistar rats weighing 250-300 g were housed under controlled conditions of temperature (24 1 C) and light (12 h light starting at 0700 h) and all experiments were conducted in accordance with standards of animal care defined by the Institutional Committee.
Short-term radioiodide uptake: NIS activity
Measurements of thyroid radioiodine uptake are usually made 2, 24 or 72 h after the administration of radioiodine. However, immediately after iodide enters into thyrocytes it can be incorporated into proteins, and the measurement of radioactivity in the gland should thus correspond to both iodide transport and organification activities. In order to evaluate in vivo NIS activity using measurements of thyroid radioiodine uptake, free from the influence of a thyroid peroxidase (TPO) iodine organification reaction, MMI (5 mg intraperitoneally (i.p.)) or an equivalent volume of the solvent were administered to control animals 15 min before the administration of radioiodine. The animals received [ 125 I]NaI (3700 Bq i.p.) 15 min or 2 h before decapitation. The thyroid glands were removed and weighed and their radioactivity measured using a gamma counter (LKB) and expressed as percentage of total iodine-125 injected per mg of thyroid.
The 2-h measure of radioiodine uptake is believed to correspond to the entry of iodine through the NIS. However, as we show here, administration of MMI 15 min before radioiodide produces a significant decrease in thyroid radioiodine content (Fig. 1) . In contrast, the measurement of thyroid uptake of radioiodide 15 min after its administration was unchanged by MMI ( Fig. 1) , showing that, after 15 min of iodide administration, the ion is not significantly incorporated into proteins. Thus we can consider 2-h thyroid radioiodine uptake to be mainly a measure of the organification reaction in vivo, and 15-min radioiodine uptake to be a valid estimation of iodide transport through the basolateral membrane.
Effect of TSH on NIS activity
Rats were divided into the following groups: control (water available ad libitum), MMI (0·03% MMI in the drinking water for 21 days), R1d (0·03% MMI in the drinking water for 21 days, followed by 1 day without MMI), R2d (0·03% MMI in the drinking water for 21 days, followed by 2 days without MMI) and R5d (0·03% MMI in the drinking water for 21 days, followed by 5 days without MMI).
Administration of iodine
In order to evaluate the effects of iodide overload, we used a procedure that has previously been shown to increase serum iodide concentrations significantly and produce the Wolff-Chaikoff effect (Eng et al. 1999) . Rats were divided into the following groups: control group (water available ad libitum), 1 day NaI (0·05% NaI in the drinking water for 1 day) and 6 days NaI (0·05% NaI in the drinking water for 6 days). As the effects of iodide on thyroid function are probably mediated through an iodinated compound, we examined another group that received MMI in parallel with NaI and T 4 [NaI + MMI + T 4 : 0·05% NaI and 0·03% MMI in the drinking water for 6 days and 1 µg T 4 /100 g body weight (b.w.) subcutaneously (s.c.) for 5 days, starting 1 day after the beginning of treatment with MMI and NaI], to block thyroid iodine organification without changing the serum concentrations of TSH. As controls, one group received 0·03% MMI in the drinking water for 6 days and 1 µg T 4 /100 g b.w. s.c. for 5 days, starting 1 day after the beginning of treatment with MMI (MMI + T 4 ) and another received 0·03% MMI alone in the drinking water for 6 days (MMI). Control animals received 2 mg NaI i.p. 1 h before administration of the radioiodide, to promote similar concentrations of cold serum iodide compared with NaI-treated animals (Eng et al. 1999) . Groups MMI, and MMI + T 4 and the control group did not receive an acute injection of NaI.
Hormone measurements
Serum total T 4 was assayed using commercial kits (Diagnostic Products Corporation, Los Angeles, CA, USA), and T 4 standard curves were made with hormonefree rat serum. Serum TSH determination was performed with a specific RIA using primary antibodies for rat TSH. Rat TSH for iodination and preparation of the standard curve was provided by the National Hormone and Peptide Program/National Institute of Diabetes, Digestive and Kidney Diseases (Bethesda, MD, USA).
Preparation of thyroperoxidase (TPO)
Extraction of TPO from rat thyroids was performed as described previously (Moura et al. 1987) . Pools of two rat thyroids were minced and homogenized in 0·5 ml 50 mM Tris-HCl buffer, pH 7·2, containing 1 mM KI, using an Ultra-Turrax homogenizer (Staufen, Germany). The homogenate was centrifuged at 100 000 g at 4 C for 1 h. The pellet was suspended in 0·5 ml digitonin (1% w/v) and incubated at 4 C for 24 h to solubilize the peroxidase. The digitonin-treated suspension was centrifuged at 100 000 g at 4 C for 1 h, and the supernatant containing the solubilized TPO was used for the assays. Protein content was determined by the method of Bradford (1976) .
TPO activity
The TPO iodide-oxidation activity was measured as described previously (Nakashima & Taurog 1978 , Pommier 1978 , Moura et al. 1987 , 1989 , Carvalho et al. 1994 . The assay mixture contained 1·0 ml freshly prepared 50 mM sodium phosphate buffer, pH 7·4, containing 24 mM KI and 11 mM glucose, and increasing amounts of solubilized TPO. The final volume was adjusted to 2·0 ml with 50 mM sodium phosphate buffer, pH 7·4, and the reaction was started by the addition of 10 µl 0·1% glucose oxidase (Boehringer grade I). The increase in absorbance at 353 nm (tri-iodide production) was registered for 4 min on a Hitachi spectrophotometer (U-3300). The change in A 353 nm /min was determined from the linear portion of the reaction curve and related to protein concentration and the results expressed as U/g protein.
Statistical analysis
All the experiments were repeated at least three times, using at least five animals per group in each experiment. Results are expressed as mean S.E.M. and were analysed by unpaired t-test or one-way analysis of variance (ANOVA), followed by the Newman-Keuls multiple comparison test. After logarithmic transformation, serum TSH concentrations were analysed by one-way ANOVA, followed by the Newman-Keuls multiple comparison test and are expressed as arithmetic means S.E.M. TPO activity was analysed by Kruskal-Wallis analysis of variance followed by Dunn tests.
Results

Regulation of NIS activity by TSH
Serum T 4 was significantly lower in rats that received MMI for 21 days and in animals from which MMI was removed 1 (R1d) or 2 days (R2d) before they were killed; serum TSH concentrations were also significantly greater in these three groups of animals. After 5 days of MMI withdrawal (R5d), serum T 4 had already reached concentrations that were not statistically different from those of control animals, but TSH remained increased (Table 1) .
As a result of increased TSH, rats treated with MMI for 21 days had significantly greater 15-min thyroid iodide uptake than did the control group (Fig. 2) . Thyroid iodide uptake remained greater than in the control group after 1 day of MMI withdrawal; however, it decreased to values similar to those found in control animals when MMI was removed 2 or 5 days before they were killed (Fig. 2) , despite the increased serum TSH concentration (Table 1) . The decreased thyroid uptake of iodide while serum TSH was still high could have been the result of re-establishment of iodine organification 2 days after the withdrawal of MMI. This finding indicates that the content of organified iodine within the thyroid might be an important physiological modulator of NIS activity in the plasma membrane.
TPO iodide oxidation activities were not significantly different among the experimental groups, although a slight increase was detected after 1 day of withdrawal of MMI (Fig. 3) . The lack of significance may have been a reflection of the great variability generally found in TPO activity measurements and the high amount of protein Figure 3 TPO iodide-oxidation activity, measured as previously described. Control, water available ad libitum; MMI, 0·03% MMI in drinking water for 21 days; R1d, as for MMI, followed by 1 day without MMI; R2d, as for MMI, followed by 2 days without MMI; R5d, as for MMI, followed by 5 days without MMI. Results are expressed as the mean S.E.M. of each group.
extracted from goitrous glands. Moreover, in vivo inhibition of TPO as a result of the administration of MMI was maintained at least in part in vitro.
Regulation of NIS activity by iodine
Administration of NaI for 1 day significantly decreased serum T 4 concentrations; nevertheless, after 6 days of NaI treatment the serum T 4 concentration was normalized, but serum TSH was increased (Table 2 ). This normalization of the serum T 4 concentration after some days of iodine treatment can be attributed to increased concentrations of TSH and escape from the Wolff-Chaikoff effect.
In rats treated with NaI for 6 days, a significant reduction in the 15-min thyroid iodide uptake was detected despite increased concentrations of serum TSH (Fig. 4) , consistent with previous reports that decrement in the expression of NIS is involved in escape from the Wolff-Chaikoff effect (Eng et al. 1999) . In contrast, 1 day of treatment with NaI did not change the 15-min thyroid radioiodide uptake, although NIS mRNA and protein were reported to be significantly decreased by the same treatment in a previous study (Eng et al. 1999) .
MMI and T 4 were administered in association with the 6-day NaI treatment in order to test the importance of iodine organification on blockade of the NIS by iodine, but without a concomitant increase in serum TSH. As can be seen in Table 2 , MMI alone for 6 days significantly decreased serum T 4 and increased both serum TSH and 15-min radioiodine uptake (Fig. 4B) , but serum T 4 , serum TSH and 15-min radioiodine uptake were unchanged when the animals received MMI and T 4 (Table 2, Fig. 4B ). Compared with the controls, serum TSH was increased in rats given NaI + MMI + T 4 for 6 days, as it was also in the animals given NaI for 6 days (Table 2) ; however, the 15-min radioiodine uptake was similar to that in the control group, showing that iodine organification is essential for the blockade of iodide transport produced by iodine overload (Fig. 4A) .
TPO iodide oxidation activity was decreased, although not significantly, in the animals that received NaI for Control, water available ad libitum; 1 day NaI, 0·05% NaI in the drinking water for 1 day; 6 days NaI, 0·05% NaI in the drinking water for 6 days; 6 days NaI+MMI+T 4 , 0·05% NaI and 0·03% MMI in the drinking water for 6 days and 1 g T 4 /100 g b.w. s.c. for 5 days, starting 1 day after the beginning of treatment with MMI and NaI; 6 days MMI, 0·03% MMI alone in the drinking water for 6 days; 6 days MMI+T 4 , 0·03% MMI in the drinking water for 6 days and 1 g T 4 /100 g b.w. s.c. for 5 days, starting 1 day after the beginning of treatment with MMI.
Significantly different values (P<0·05) compared with: *control, 6 days NaI and 6 days NaI+MMI+T 4 ; †all groups; ‡control and 6 days MMI; §all groups except 6 days NaI.
Figure 4 (A) Thyroid iodide uptake at 15 min. Control, water available ad libitum; 1 day NaI, 0·05% NaI in drinking water for 1 day; 6 days NaI, 0·05% NaI in drinking water for 6 days; NaI+MMI+T 4 , 0·05% NaI and 0·03% MMI in drinking water for 6 days and 1 g T 4 /100 g b.w. s.c. for 5 days, starting 1 day after the beginning of treatment with MMI and NaI. Control animals received 2 mg NaI i.p. 1 h before the administration of radioiodide in order to achieve similar serum iodide concentrations when compared with 1 day NaI, 6 days NaI and NaI+MMI+T 4 . The thyroids were removed and weighed and the radioactivity measured using a gamma counter and expressed as percentage of the [ 125 I]NaI injected per mg thyroid (control group, n=16; 1 day NaI, n=16; 6 days NaI, n=20; NaI+MMI+T 4 , n=8). Results are expressed as the mean S.E.M. of each group. *P<0·05 compared with control. (B) Shows the effects of 0·03% MMI in drinking water for 6 days and 1 g T 4 /100 g b.w. s.c. for 5 days in comparison to 0·03% MMI in drinking water for 6 days (MMI) alone.
6 days and was significantly decreased in the group that received NaI + MMI + T 4 for 6 days (Fig. 5) .
Discussion
Two factors are determinants of thyroid iodine content: transport of iodide through the NIS and iodine organification at the apical membrane. The 15-min iodide uptake measurement is not influenced by the previous administration of MMI, a drug that inhibits organification. In contrast, the 2-h iodide uptake decreases by almost 90% when MMI is administered before iodide, showing that, at this time, iodine organification activity is the main determinant of the thyroid radioiodine content. Thus the radioiodine content measured after 15 min of iodide administration can be used as an efficient measure of the basolateral transport of iodide through the NIS. Here, we have demonstrated the rapid modulation of NIS activity in the plasma membrane of thyrocytes with a new approach using an early evaluation of thyroid uptake of radioiodide (15 min after the administration of radioiodide).
Animals treated with MMI for 21 days showed a significantly increased uptake of 15-min radioiodine, which can be attributed to the high serum TSH concentration. When MMI was removed 1 day before the animals were killed, the serum TSH concentration was still high and NIS activity decreased, although not significantly. Two days after withdrawal of MMI, the high concentrations of TSH were maintained; nevertheless, the 15-min iodide uptake was significantly decreased when compared with that of rats treated with MMI for 21 days. The lower NIS activity in the presence of still increased serum TSH indicates that TPO had resumed its activity, leading to the production of the organified iodine compound, which is responsible for the inhibition of iodide transport through the basolateral membrane of the thyrocyte. Serum T 4 also began to increase 2 days after the withdrawal of MMI, and reached normal values after 5 days without MMI, confirming the early resumption of TPO activity after MMI withdrawal.
Administration of NaI for 6 days led to a significant reduction in NIS activity, despite high serum TSH concentrations. However, TPO organification activity seems to be important for such an inhibition to occur, as the same treatment was unable to reduce radioiodide transport when TPO activity was concomitantly inhibited by the administration of MMI. These results support the idea that organified iodine, and not iodide itself, is responsible for the inhibition of the basolateral transport of iodide, as previously suggested (Grollman et al. 1986) .
Thyroid uptake of radioiodide was not decreased after 1 day of NaI treatment, which suggests that the NIS activity is blocked only after a longer period of treatment with iodide. Our results are consistent with data reported by Eng et al. (1999) showing a decrease in NIS mRNA and protein 6 days after the beginning of NaI treatment. However, whereas we found no change in the in vivo NIS activity, Eng et al. (1999) detected decreased levels of NIS mRNA and protein as early as after 1 day of NaI treatment. Therefore, although the expression of NIS could be decreased by iodide after 1 day of iodine overload, NIS activity in the plasma membrane seems to be maintained, again indicating that modulation of the expression of NIS can be different in some aspects from the regulation of its subcellular distribution. In fact, Riedel et al. (2001) showed that NIS protein is found both in the plasma membrane and in intracellular vesicles. Therefore, alterations in NIS protein content may not always correlate with modifications in iodide transport activity through the thyrocyte plasma membrane, and vice versa.
TPO iodide oxidation activity was not significantly different among the groups studied, which is consistent with the great variability found in measurements of this enzyme activity. However, a decrease in TPO was found in rats treated with NaI for 6 days, with or without MMI, indicating that iodine organification seems not to be essential for the inhibition of TPO biosynthesis by iodine overload in vivo. The findings of recent studies support the idea that blockade of iodine organification during the Wolff-Chaikoff effect is mainly attributable to the inhibition of NADPH oxidase activity leading to decreased generation of hydrogen peroxide (Cardoso et al. 2001 , Morand et al. 2003 , and is not secondary to TPO inhibition as previously suggested (Pommier et al. 1973 ).
Figure 5 TPO iodide-oxidation activity, measured as previously described. Control, water available ad libitum; 1 day NaI, 0·05% NaI in drinking water for 1 day; 6 days NaI, 0·05% NaI in drinking water for 6 days; NaI+MMI+T 4 , 0·05% NaI and 0·03% MMI in drinking water for 6 days and 1 g T 4 /100 g b.w. s.c. for 5 days, starting 1 day after the beginning of treatment with MMI and NaI; MMI, 0·03% MMI in drinking water for 21 days; MMI+T 4 , 0·03% MMI in the drinking water for 6 days and 1 g T 4 /100 g b.w. s.c. for 5 days, starting 1 day after the beginning of treatment with MMI. The results are expressed in U/g protein (control group, n=21; 1 day NaI, n=16; 6 days NaI, n=17; NaI+MMI+T 4 , n=6; MMI, n=5; MMI+T 4 , n=2). Results are expressed as the mean S.E.M. of each group. *P<0·05 compared with control.
The weak regulation of TPO activity detected might be attributable to the fact that TPO is less modulated than is NIS activity. In a previous study (Cardoso et al. 2002) , we found that expression and activity of TPO protein were significantly decreased only after a longer period of treatment with iodine (10-15 days rather than 7 days) in toxic diffuse goitres. Accordingly, expression of NIS mRNA was shown to be much more affected by iodine treatment than was expression of TPO mRNA in primary cultures of porcine thyrocytes (Morand et al. 2003) . Further studies are needed for better evaluation of the effects of the administration of iodine on expression of the TPO gene. Serum concentrations of T 4 were slightly greater in rats treated with NaI for 6 days in comparison with those in the control group, although this increase was not statistically significant in the present study. This increase was probably a consequence of increased TSH concentrations, which were significantly greater in this group than in control groups. It is important to point out that animals treated with NaI for 6 days showed significantly decreased radioiodine uptake although concentrations of TSH were increased, which reinforces the importance of thyroid autoregulation in the control of NIS activity. Eng et al. (1999) also showed increased serum T 4 concentrations in animals treated with NaI for 6 days; however, the concentrations of TSH were not significantly increased in that study. Thus our findings corroborate previous reports that decreased NIS activity is implicated in escape from the Wolff-Chaikoff effect.
Using this novel approach of early (15-min) measurement of iodide uptake, we showed that not only are high doses of iodine able to block NIS activity, but also thyroid iodine content within the physiological range modulates NIS activity. Moreover, regulation of NIS activity by iodide can be more important than regulation by TSH, as rats with high TSH concentrations showed a decrease in NIS activity when their thyroid pool of organic iodine increased. Taken together, our data reinforce the concept that a low-iodine diet before the administration of diagnostic or therapeutic doses of radioiodine is essential for increasing the ability of the thyroid gland to take up iodide.
